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"This  Report  summarizes  progress  in  MURI  program  on  "Bio-Mechanical  Interfaces  for 
Cell-Based  Microsystems"  (Agreement  Number  W911NF-04- 1-0171).  The  MURI  has  had 
the  objective  of  developing  the  tools  that  enable  an  understanding  of  the  role  of 
mechanics  in  cell  function  and  that  enable  the  engineering  of  cells  that  can  be 
mechanically  coupled  to  engineered  platforms  for  a  variety  of  purposes.  The  project 
has  had  several  significant  accomplishments  in  several  areas,  including  the  fabrication 
of  mechanical  sensor/actuator  arrays,  integration  of  cells  with  materials,  development 
of  models  for  understanding  and  describing  the  intersection  of  mechanics  and  cell 
function,  and  the  use  of  mechanicsto  read  and  direct  cell  function.  The  present  report 
summarizes  much  of  the  key  accomplishments  during  this  period  but  is  not  exhaustive  in 
itscoverage. 

Solid-State  Mechanical  Sensor  Arrays  for  Cellular  Transduction 

We  have  developed  a  tool,  the  Single-Cell-Pico-Force-Microscopy  (SCPFM), 
capable  of  measuring  cellular  forces  from  individual  adherent  cells  with  the  high 
resolution  necessary  to  track  macro-molecular  force  dynamics  in  living  cells.  Existing 
toolscapable  of  measuring  cell  forces,  while  varied,  are  all  based  on  optical  detection 
and  are  limited  in  sensitivity,  range  or  the  physiological  relevance  of  their  coupling  to 
the  cytoskeleton.  SCPFM  overcomes  these  limitations  by  utilizing  novel  polymer  Nano- 
Electro-Mechanical-Systems  (NEMS)  force  sensors.  SCPFM  is  a  fully  integrated, 
monolithic  instrument  that  combines  the  near-single  molecule  force  measurement 
capabilities  of  (NEMS)  based  force  sensors  with  integrated  microfluidics  that  enable 
precision  fluid  control,  and  thereby  precision  pharmacological  stimulation  of  individual 
cells.  SCPFM  enables  for  the  first  time  the  systematic  study  of  the  molecular- 
mechanical  responses  of  individual  cells  to  pharmacological  and  mechanical 
stimulation. 

We  have  developed  novel  polymer  NEMS  devices  that  contain  integrated  metallic 
piezo  resistive  (strain  coupled)  force  sensors.  Polymer  (SU-8,  polyimide  or  parylene)  is 
used  because  the  low  Young’s  modulus  enables  improved  sensitivity  and  compliance 
matching  to  typical  biological  materials  The  fabrication  process  is  complex  but  wafer 
scale  processing  with  high  yields  (>70%)  is  routine.  The  devices  are  abundant  and 
disposable.  We  employ  a  multilayer  microfluidic  cassette  to  encapsulate  the  NEMS 
force  sensors.  A  glass  cover  slip  seals  the  backside  of  the  chip  and  enables  in  vivo  high- 
resolution  optical  microscopy.  The  workstation,  shown  in  Figure  1,  integrates  a II  of  these 
technologies  into  a  single  complete  system  with  fluorescence  microscopy,  simultaneous 
fluidic  operations,  and  high  resolution  force  measurement  for  studying  the  cell- 
mechanical  interface. 

We  have  demonstrated  the  capabilities  of  SCPFM  by  perturbing  adherent  NIH-3T3 
cells  with  cytochalasin  D.  We  observe  the  expected  force  collapse  upon  cytochalasin 
D  exposure  and  recovery  when  the  drug  is  removed  at  very  similar  magnitudes  and 


time  scales  as  has  been  seen  with  optical  methods.  The  fine  structure  of  the  force  vs 
time  data  illustrates  the  immense  potential  of  SC  PFM.  Tbe  data  show  force  signaturesof 
two  previously  inaccessible  molecular-mechanical  processes. 


Figure  1.  Left,  NEMSchip  encapsulated  in  micro  fluidics.  The  mic  nofluidics  include  40computer 
operated  control  lines,  15  fluid  input/output  lines  and  one  gas  inlet  line  all  built  into  an  80mm2 
footprint.  The  mic rofluidic sane  critical  forsepara ting  the  electronicsfrom  the  fluids-  controlling 
stray  capacitancesin  particular,  -  enabling  controlled  media  perfusion  forlong  term  tissue 
culture,  controlling  placement  of  a  cell  on  the  force  sensorand  precise  pharmacological 
perturbation  of  the  cell.  Centerand  right,  the  microscope-mounted-incubator-and-sample- 
holder  includes  freed  thrus  for  64  mic  rofluidic  lines.  40  electrical  lines.  C02  sensor,  temnerature 


Elastomeric  Mechanical  Transducer  Arrays 

Early  in  the  program  we  had  demonstrated  the  ability  to  measure  cellular  traction 
forces  using  a  mic rofa brie ated  array  of  discrete,  deformable  PDMS  cantilevers,  or 
mPADs  (mic rofa bricated  post  array  detectors).  We  have  built  upon  this  approach  for 
the  purposes  of  better  understanding  single  cell  mechanics,  and  addressed  several 
efforts:  (1)  To  further  develop  image  analysis  algorithms  that  increase  force 
measurement  sensitivity  of  post  array  devices;  (2)  To  establish  approaches  to  apply 
forcesto  cells  while  simultaneously  measuring  contractile  forces  in  the  cells;  (3)  To  study 
the  relationship  between  the  adhesions  formed  at  the  cell-substrate  interface  and  the 
forces  experienced  at  those  adhesions;  (4)  To  develop  a  higher  density  post  array 
device,  that  when  coupled  with  more  robust  image  ana  lysis  software,  will  allow  greater 
sensitivity  for  force  measurements;  (5)  To  study  the  spatiotemporal  relationship  between 
actomyosin  stress  fiber  contraction  and  the  traction  forces  observed  on  the  mPADs. 

We  have  developed  a  device  that  can  be  shared  between  investigators.  In  our 
original  conception,  positions  of  the  tips  of  the  posts  were  determined  by  acquiring  an 
image  of  the  tipsof  the  posts,  and  then  manually  aligning  an  ideal  grid  to  the  images  in 
orderto  extract  centroid  coordinatesforeach  post.  This  method  not  only  assumes  that 
the  microfabricated  post  array  isa  highly  precise,  regulararray,  but  a  Hows  for  user  bias 
and  is  time  intensive.  We  previously  reported  in  year  one  of  the  MURI  a  higher 
throughput,  more  robust  method.  In  this  new  method,  the  entire  surface  of  the  mPAD 
posts  is  imaged,  using  the  base  of  the  posts  as  the  undeflected  position,  and  the  tips  as 
the  deflected  position.  Post  deflections  are  determined  by  using  a  binary  image 


thresholding  algorithm  to  determine  the  centroid  of  each  post  at  the  tip  and  base.  This 
method  has  been  implemented  in  a  semi-automated  code  for  fixed  cell  image 
analysis,  as  well  as  a  fully-automated  code  for  high-volume  image  processing, 
especially  for  images  taken  in  live  cell,  time-lapse  experiments.  To  further  improve  our 
image  analysis  methods,  this  past  year  we  have  developed  a  more  accurate  centroid¬ 
positioning  method,  in  which  a  2D  Gaussian  is  fit  to  the  intensity  profile  of  the  pixels  that 
make  up  each  post  in  an  image.  This  advancement  increases  the  robustness  and 
accuracy  of  our  post  deflection  measurements  by  1-2  orders  of  magnitude.  We  have 
also  adapted  the  Gaussian  centroid-determination  method  to  measure  forces  in 
magnetically  actuated  mPADsand  high-density  nPADs  (nanoposts). 


In  order  to  build  active  force  probes  into  ourmPAD  device,  we  have  incorporated 
ferromagnetic  nanowires  (from  Prof.  Daniel  Reich,  Johns  Hopkins  University)  into  the 
posts  as  actuators.  Our  current  devices  use  Ni  or  Co  nanowires  electroc  hemic  ally 
grown  with  350  nm  diameters  and  5-10  micron  lengths  that  can  be  embedded  into 

PDMS  posts.  By  applying  a 
uniform  magnetic  field,  B, 
perpendicular  to  the  magnetic 
moment  of  the  nanowire,  //, 
we  can  impart  a  torque, 
r  =  /uxB ,  that  causes  the  post 
to  bend  in  the  direction  of  the 
field  (Figure  2A).  Ferromagnetic 
nanowires  do  not  interfere  with 
the  curing  chemistry  of  PDMS 
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figure  2.  Schematic  of  piezomagnetic  torque  of  a  nanowire  in  a 
PDMS  post  (A).  Cross-sectional  optical  micrograph  showing  a 
nanowire  embedded  in  a  PDMS  post  (B,  bar:  10  pm).  Image 
frames  taken  from  a  video  show  magnetic  actuation  of  a 
nanowire  post  at  (C)  B  =  -0.2  T.  (D)  B  =  +0.2T.  Red  circles  are 


and  are  easily  integrated  into  the  PDMS  (Figure  2B).  Moreover,  we  have  demonstrated 
that  piezomagnetic  actuation  can  be  achieved.  We  conducted  experiments  with 
electromagnetic  coils  (B  =  ±  0.2T)  acting  on  the  posts.  The  posts  bend  in  direct 
proportion  to  the  applied  field  and  we  measured  maximum  deflections  to  be  6  =iD.25 
pm  (Figure  2C,D). 


Despite  this  shortcoming,  we  have  been  able  to  examine  mec  ha  notransduction  of 
fibroblasts  cultured  on  the  posts  with  nanowires.  On  an  inverted  fluorescent 
microscope,  we  recorded  the  change  in  post  deflections  of  an  NIH  313  cell  (outlined 
with  black  trace)  with  respect  to  the  first  video  frame  (t  =  O')  (Figure  3A).  When  the 
magnetic  field  (B  =90mT)  was  turned  on  (after  t  =10'),  the  nanowire  post  (red  circle) 
was  immediately  observed  to  deflect  in  the  field's  direction.  Subsequently,  the 
fibroblast  changed  its  contractile  forces  on  the  posts  globally  as  a  result  of  the 
mechanical  stimulation  (Figure  3B).  This  change  is  reported  by  the  root  mean  square 

(rms)  of  the  displacements,  A rrms  =  -r0;)2  >  where  rci  is  the  initial  position  of 

each  post,  summed  over  the  posts  under  the  cell  (Fig.  3C).  We  find  causality  to  exist 
between  the  nanowire  actuation  and  change  in  cellularforces  because  the  fibroblast 


had  low  mechanical  activity  prior  to  the  stimulation,  but  afterwards,  it  changed  its 
cellular  forces  on  posts  relative  to  the  first  frame.  To  further  examine  the  traction  force 
dynamics  of  fibroblasts  cultured  in  response  to  small  externally  applied  forces,  we  are 
using  a  Gaussian  centra  id -determination  method  capable  of  detecting  more  subtle 
changes  in  post  deflections. 
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Figure  3.  Changes  in  cellularfonces  measured  (A)  before  and  (B)  20  min  after  stimulation  with  a  90  mTfield  applied  to  a 
magnetic  post  (red  circle  in  A).  Arrows  at  posts  show  deflections  from  original  positions  at  t  =0  for  posts  under  cell  (red) 
and  posts  in  the  background  (blue).  (C)  Root  mean  square  of  the  magnitude  of  deflection  per  post,  rrms,  in  contact 


In  addition  to  using  "magnetic"  mPADs  to 
investigate  traction  force  dynamics,  we  have 
also  studied  the  effect  of  external  force  on  focal 
adhesion  dynamics  We  find  that  force 
stimulation  causes  an  increase  in  focal  adhesion 
area  at  the  site  of  stimulation,  while  distal 
adhesions  do  not  increase  in  area  (Figure  4). 
These  results  indicate  that  integrating  magnetic 
materials  into  the  mPADS  is  possible  for  the 
realization  of  an  active  microdevice  and  that 
cells  respond  to  the  mechanical  stimulation 
imparted  on  them  from  the  nanowires  in  the 
posts. 


Figure  4  Representative  image  of  a  3T3 
Fibroblast  stimulated  with  external  force 
locally  (indicated  by  red  arrowhead),  with 
an  increase  in  focal  adhesion  area  atthe 


We  have  also  developed  a  higher  density  post  array  as  a  next-generation  platform 
for  traction  force  measurement,  heretoforth  referred  to  as  the  nPADs.  Multiple  arrays 
with  different  geometries  were  fabricated  by  MEMS  exchange,  allowing  us  to  examine 

cellular  traction  forces  on 
posts  with  different 
diameters  (500  nm-1.25pm), 
heights  (1.8-3.6  pm),  and 
spacings  (1. 5-4.5  pm)  (Figure 
5A).  Our  devices  are 
estimated  to  have  post 


Figure  5.  SEM  image  of  a  silicon  nanopost  array  (A).  Cellswere 
plated  on 

PDMS  nanoposts  which  were  printed  with  a  mixture  of  fib  no  nec  tin 
and  Alexa 


stiffnesses  ranging  from  0.5-150  nN/ [am2.  To  analyze  the  deflections  of  hundreds  of  posts 
per  cell,  we  are  adapting  the  Gaussian  centroid-determination  algorithm  for  use  on  the 
nPADs.  Concurrently,  we  are  testing  different  methods  to  visualize  the  posts  so  as  to 
minimize  artifacts  (i.e.  non-specific  fluorescence,  cell  membrane  staining,  opaque  cell 
organelles)  that  would  interfere  with  post  centroid  determination  (Figure  5B).  These 
methods  include  staining  the  posts  with  different  fluorescent  molecules  or  imaging  the 
posts  with  b rig ht-fie Id  transmission  light.  The  ultimate  goal  is  to  develop  a  fully 
automated  code  and  methodology  for  measuring  a  large  number  of  post  deflections 
with  great  accuracy  and  speed.  The  generality  of  our  code  design  means  that  future 
translation  of  this  approach  to  the  mPADs  for  analysis  of  single  cells  at  high 
magnification,  and  monolayers  at  low  magnification  is  likely. 

We  have  identified  several  critical  questions  regarding  the  mechanics  of  cells.  One 
ofthese  questions  is  to  what  extent  the  actin  cytoskeleton  and  stress  fibers  contribute  to 
the  mechanical  forces  generated  by  cells.  Asdescribed  below,  we  have  modeled  the 
actin  cytoskeleton  as  a  discrete  network  of  stress  fibers  connected  to  posts  (Figure  6). 

We  have  also 
developed  continuum 
models  of  general  cell 
contractility  and  the 
role  of  cell  shape  and 
substrate  compliance 
in  observed  traction 
force  distributions  We 
have  found  that  the 
passive  contribution  to 
cellular  mechanics  is 
minimal  compared  to 
the  ATP-de  pendent, 
myosin-driven 
contractile  forces 
(Figure  7).  This  represents  a  key  finding  that  has  never  been  explored  or  modeled  in  the 
c  o  ntext  of  sing  le  c  e  Ms. 

Surface  Patterning  and  Functionalization 


Figure  6.  Actin  fiber 
network  and  traction 
force  map  of  a  313 
fibroblast  on  the 
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Figure  7.  Imagesof  a  cell  on  mPADs  before 
(left)  and  during  (right)  micromanipulation. 
The  post  in  the  red  reticle  is  pulled.  Images 
shown  are  taken  4  seconds  a  part.  There  is 
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We  have  made  substantial 
progress  in  the  development  of 
patterning  methods  and  surface 
chemistries  for  controlling  the 
biological  properties  of  planar 
surfaces.  Dip-Pen 

Nano  lithography  (DPN)  is  a 
scanning  probe-based  technique 


figure  8.  Fluorescence  microscopy  imagesof  nanoarrays  of 
phospholipid  doped  with  1  mol%roda  mine-labeled  DO  PC 
generated  by  a  55,000  2D  a rra y. 


that  uses  an  ink-coated  atomic  force  microscope  (AFM)  tip  to  pattern  surfaces  on  the 
sub-micron  length  scale.  We  have  successfully  demonstrated  that  DPN  can  be  used  to 
generate  nanoarrays  of  proteins  that  are  relevant  to  controlling  cell  interactions  with 
substrates.  We  have  also  extended  the  use  of  2D  arrays  to  the  nanopatteming  of 
biological  lipids.  Nanoarrays  of  biological  lipids  can  be  considered  a  model  for  cell 
surfaces  as  the  components  within  a  lipid  nanoarray  can  be  individually  addressed. 
Biological  lipid  nano  arrays  also  allow  one  to  investigate  biological  processes  ranging 
from  simple  ligand/receptor  interactions  to  cell-cell  signaling  events  Figure  8  displays 
the  fluorescence  microscopy  imagesof  nanoarraysof  phospholipid  doped  with  1  mol% 
rhoda  mine-labeled  DO  PC  generated  by  a  55,000  2D  array. 

2D  arrays  are  currently  limited  to  the  deposition  of  only  one  type  of  ink,  and  the 
fabrication  of  multi-component  nanoarrays  still  represents  a  challenge.  We  are 
currently  developing  novel  strategies  for  the  direct  writing  of  multi-component 
biomolecules  in  a  parallel  fashion.  Preliminary  results  indicate  that  one  can  use  inkjet 
printing  technology  to  ink  individual  tips  with  different  ink  molecules.  In  addition, 
efficient  methodologies  such  as  matrix-assisted  nanopatteming,  for  the  direct  writing  of 
biomolecules  by  DPN  without  the  need  for  additional  tip  modification  are  being 
developed.  Having  a  massive  array  of  biologically  active  structures  will  allow  one  to 
move  forward  and  probe  cell-surface  systems  with  high-resolution  and  registration, 
perhapseven  atthe  single  biomolecule  level. 

We  have  applied  this  patterning  tool  to  control  the  mechanical  linkages  between  a 
cell  and  its  substrates.  The  approach  uses  substrates  that  are  patterned  with  features 

that  control  the  sizes  of  the  focal  adhesions  that 
integrate  the  mechanical  cytoskeleton  with  the 
substrate.  By  controlling  the  size  of  the  focal 
adhesion,  we  control  the  mechanical  load  exert 
by  the  cell  on  the  substrate.  We  fabricated 
fibronectin  nanoarrays  by  immobilization  of  the 
protein  on  16-mercaptohexadecanoic  acid 
(MHA)  affinity  templates  through  coordination 
chemistry  (Figure  9). 


Figure  10.  Representative  fluorescence  microscope  imagesof 
high  density  protein  nanoarrays  immobilized  through  Co2+ 
affinity  templates,  and  their  interaction  with  H1080  cells.  (A) 
and  (B)  An  overlay  image  of  the  green  and  red  channels, 
depicting  a  correlation  between  focal  adhesion  sites  (red) 
with  fibronectin  arrayed  onto  the  surface  (green).  (A)  The 
diameter  is  500  nm  and  the  ligand  spacing  1  um.  (B)  The 
diameter  is  300  nm  and  the  liaand  soacina  600um. 


When  an  eGFP-paxillin 
transfected  cell  line  was  used 
forthese  experiments,  we  could 
observe  the  formation  of  focal 
adhesion  contacts  in  real-time 
using  fluorescence  microscopy. 
This  approach  provides  many 
new  opportunities  to  study 
focal  adhesion  formation,  from 
monitoring  the  kinetics  of  focal 
adhesion  formation  to 


observing  the  rearrangement  of  the  a c tin  filament  structures  in  response  to  clustering  of 
the  integrin  receptor  proteins.  Our  experiments  showed  that  the  ability  of  a  cell  to  form 
adhesion  contacts  is  dependent  on  the  spacing  of  the  fibronectin  proteins  on  the 
surface  (Figure  10).  Cells  did  not  form  adhesion  contacts  when  the  spacing  was  larger 
than  1.2  |im,  and  in  most  cases,  they  could  not  be  found  on  the  nanopattemed  arrays. 

These  tips  were  able  to  generate  patterns  in  a  multiplexed  fashion.  We  plan  to 
optimize  the  conditions  for  homogeneous  delivery  of  various  proteins  while  increasing 
the  number  of  ink  materials  that  can  be  delivered  to  the  same  pattern.  These  large 
area  nanopattemed  arrays  will  then  be  used  for  cell  studies  to  understand  how  focal 
adhesion  complexesform  orchange  in  the  context  of  size  and  protein  presentation. 

Finally,  we  have  also  investigated  the  impact  on  FAs  of  features  other  than  applied 
force.  These  include  the  affinity  of  integrins  (Figure  11)  for  extracellular  ligands,  integrin 
trafficking,  membrane  fluctuations,  and  retrograde  actin  flow.  Because  the  protein 
receptor-ligand  interactions  of  interest  are  confined  to  interfaces,  we  have  additionally 
studied  the  effectson  protein  dynamics  of  limiting  reactions  to  surfacesand  polymers. 
These  studies  complement  those  focused  on  applied  force  and  contractility  and  are 
important  for  the  development  of  quantitative  structure-property  relationships  that 
could  be  used  as  readouts forcell-based  nanomechanical  sensors  based  on  FAs. 


figure  11:  How  integrin-substrate  affinity  impacts  FA  size.  Examples  of  cells  on  surfaces 
presenting  (A)  low-affinity  linear  and  (B)  high-affinity  cyclic  RGD  peptide.  Observed 
(C)  and  calculated  (D)  cumulative  histograms  of  FA  sizes;  higher  Eb  is  stickier.  A  non¬ 
monotonic  dependence  of  FA  size  on  affinity  over  larger  affinity  ranges  (E)  revealed  a 
competition  between  kinetic  and  thermodynamic  factors  (F).  Experimental  data  are 
from  Kato  and  Mrksich  (2004). 


Modeling  Bio/Mechanical  Effects 


A  major  theme  of  the  project  was  the  development  of  models  of  the  cytoskeleton 
that  account  for  the  relationship  of  the  mechanical  properties  of  the  cell  and  the 
molecular  interactions  that  join  the  cell  to  a  solid  substrate.  A  summary  of  this  work  is 
shown  in  Figure  12.  In  addition,  simulations  were  carried  out  for  micro  tissue  constructs, 
demonstrating  that  the  models  developed  for  a  single  cell  can  be  extended  to 
represent  aggregates  of  cells  In  parallel  experiments  carried  out  at  the  University  of 
Pennsylvania,  microcantilevers  we  re  used  to  simultaneously  constrain  the  remodeling  of 
a  collagen  gel  and  to  report  forces  generated  during  this  process.  Independently 
varying  the  mechanical  stiffness  of 

the  cantilevers  and  collagen  matrix  revealed  that  cellular  contractile  forces  increased 
with  boundary  or  matrix  rigidity  while  levels  of  cytoskeletal  and  extracellular  matrix 
(ECM)  proteins  cone  la  ted  with  levels 
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of  mechanical  stress.  By  (a 
mapping  these 

relationships  among 
cellular  and  matrix 
mechanics,  cellular 

contractile  forces,  and 
protein  expression  onto 
the  bio-chemo- 

mechanical  model  of 
micro  tissue  contractility,  it 
was  demonstrated  how 
intra  tissue  gradients  of 
mechanical  stress  can 
emerge  from  collective 
cellular  contractility  and 

finally  how  such  figure  12.  (a)  Experimentally  observed  steady-state  actin  distributions  in 
'  .  ,  a  fibroblast  cell  spread  over  29  posts,  (b)  "The  corresponding 

gra  lenscan  e  use  O  computational  results  from  a  simulation  of  the  steady-state  actin 
engineer  protein  distribution  depicted  as  a  color  contour  plot  of  a  parameter 

composition  and  representing  stressfiberconcentration. 

organization  within  a  3D  tissue.  Together,  these  findings  highlight  a  complex  and 
dynamic  relationship  between  cellular  forces,  ECM  remodeling,  and  cellular  phenotype 
and  describe  a  novel  system  to  study  and  apply  this  relationship  within  engineered  3D 
micro  tissues. 


Cells  communicate  with  their  external  environment  via  focal  adhesions  and 
generate  activation  signals  that  in  turn  triggerthe  activity  of  the  intracellularcontractile 
machinery.  These  signals  can  be  triggered  by  mechanical  loading  that  gives  rise  to  a 


co-operative  feedback  loop  among  signaling,  focal  adhesion  formation  and 
cytoskeletal  contractility  which  in  turn  equilibrates  with  the  applied  mechanical  loads. 
We  devised  a  signaling  model  that  couples  stress  fiber  contractility  and  mechano- 
sensitive  focal  adhesion  models  to  complete  this  above  mentioned  feedback  loop. 
The  signaling  model  is  based  on  a  bio-chemical  pathway  where  IP3  molecules  are 
generated  when  focal  adhesions  grow.  These  IP3  molecules  diffuse  through  the  cytosol 
leading  to  the  opening  of  ion  channels  that  disgorge  Ca2+  from  the  endoplasmic 
reticulum  leading  to  the  activation  of  the  actin/ myosin  contractile  machinery.  A  simple 
numerical  example  was  developed  where  a  one  dimensional  cell  adhered  to  a  rigid 
substrate  is  pulled  at  one  end,  and  the  evolution  of  the  stress  fiber  activation  signal, 
stress  fiber  concentrations  and  focal  adhesion  distributions  are  investigated.  We 
demonstrate  that  while  it  is  sufficient  to  approximate  the  activation  signal  as  spatially 
uniform  due  to  the  rapid  diffusion  of  the  IP3  through  the  cytosol,  the  level  of  the 
activation  signal  is  sensitive  to  the  rate  of  application  of  the  mechanical  loads.  This 
suggests  that  ad-hoc  signaling  models  may  not  be  able  to  capture  the  mechanical 
response  of  cells  to  a  wide  range  of  mechanical  loading  events.  The  setup  simulated 
computationally  is  illustrated  in  Figure  13. 
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Figure  13.  Schematic  of  the  one  dimensional  cell  problem  investigated  computationally  to  simulate  the 
interaction  of  mechanics  and  signaling.  The  signals  are  generated  by  the  application  of  force  to  the 
integrin-ligand  bond.  The  signal  generates  contractility  in  the  cell,  which  feedsbackto  create  force  atthe 
integrin-ligand  bond,  thereby  stimulating  further  signaling. 


A  central  thrust  of  the  project  is  to  understand  the  biophysicsof  cellularadhesion. 
Cells  from  animals  adhere  to  and  exert  mechanical  forceson  their  surroundings.  Cells 
must  control  these  forcesfor  many  biological  processes,  but  how  the  actionsof 
molecules  within  a  cell  are  coordinated  to  regulate  the  adhesive  interaction  with  the 
extra  cellular  matrix  re  mains  poorly  understood.  Previously,  it  wasobserved  thatthe 
forcesexerted  on  the  extracellular  matrix  thro  ugh  adhesions  varied  non-monotonically 
with  changes  in  velocity  of  the  actin  cytoskeleton  (Gandel  et  al.  2008).  Now,  Dinner,  has 
explored  theoretically  how  measurable  subcellulartraction  stresses  depend  on  the 
localspeed  of  retrograde  actin  flow  (Li  et  a  I.,  2010).  In  the  model,  forces  result  from  the 
stretching  of  molecular  complexes  in  response  to  the  drag  from  the  flow;  because 
these  complexes  break  with  extension-dependent  kinetics,  the  flow  results  in  a 
decrease  in  their  number  when  sufficiently  large  (Figure  14).  Competition  between 
these  two  effects  naturally  gives  rise  to  a  clutch-like  behavior  and  a  nonmonotonic 
trend  in  the  measured  stresses,  consistent  with  recent  data,  "fbey  used  this  basic 
framework  to  evaluate  slip  and  catch  bond  mechanisms  for  integrins;  betterfitsof 
experimental  data  are  obtained  with  a  catch  bond  representation.  Extension  of  the 
model  to  one  comprised  of  multiple  molecular  interfaces  shifts  the  peakstressto  higher 
speedsand  revealsa  phase-transition-like  behaviorin  the  dynamics  in  which  slipping 
between  layers  can  either  be  distributed  uniformly  or  concentrated  atone  interface. 
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Figure  14.  (A)The  behaviorsof  integrin  receptorsand  ligandsunderthe  actin  flow:  integrin 
receptorscapture  the  ligandsand  form  molecularcomplexes;  complexes  stretch  elastically 
and  break  with  extension-dependent  kinetics;  free  receptors  equilibrate  to  their  natural 
length;  the  cycle  repeats.  (B)Traction  stress  forva  nations  in  stress  fiber  density.  From  top  to 
bottom,  kVAk^b  =0.01,  1,  4.  Linesare  results  from  the  model  and  points  with  errorbarsare 
experimental  data  (Fig.  4  of  (Gardel  etal.  2008)). 


Focal  adhesions  (FAs)  are  large, 
multiprotein  complexes  that  provide  a 
mechanical  link  between  the  cytoskeletal 
contractile  machinery  and  the 
extracellular  matrix.  They  exhibit 
mec  ha  nosensitive  properties;  they  self- 
assemble  upon  application  of  pulling 
forces  and  dissociate  when  these  forces 
are  decreased.  We  rationalize  this 
mec  ha  no-sensitivity  from  thermodynamic 
considerations  and  develop  a  continuum 
framework  in  which  the  cytoskeletal 
contractile  forces  generated  by  stress 
fibers  drive  the  assembly  of  the  focal 
adhesion  multi-protein  complexes.  The  FA 
model  has  three  essential  features:  (i)  the 
low  and  high  affinity  integrins  co-exist  in 
thermodynamic  equilibrium,  (ii)  the  low 
affinity  integrins  within  the  plasma 
membrane  are  mobile,  and  (iii)  the  contractile  forces  generated  by  the  stress  fibers  a  re 
in  mechanical  equilibrium  and  change  the  free  energiesof  the  integrins.  A  general  two- 
dimensional  framework  is  presented  and  the  essential  features  of  the  model  illustrated 
using  one-dimensional  examples.  Consistent  with  observations,  the  coupled  stress  fiber 
and  FA  model  predict  that:  (a)  the  focal  adhesions  concentrate  around  the  periphery 
of  the  cell;  (b)  the  fraction  of  the  cell  covered  by  focal  adhesions  increases  with 
decreasing  cell  size  while  the  total  focal  adhesion  intensity  increaseswith  increasing  cell 
size;  and  (c)  the  focal  adhesion  intensity  decreases  substantially  when  cell  contractility 
is  curtailed.  The  implementation  of  the  model  for  cells  on  complex  micro-patterned 
substrates  is  illustrated  by  demonstrating  its  ability  to  predict  the  observed  distributions 
of  focal  adhesionsand  stress  fibers  (Figure  15). 


Figure  15.  Predictions  of  the  distributions  of  the 
stress  fibers  for  a  cell  on  the  V-shaped  ligand 
pattern.  The  predictions  a  re  shown  at  four  selected 
times. 


